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BNL’s Highlights in Neutrino Physics

- Over the past 50+ years



Neutrinos Are Left Handed
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FIG. 2.Resonant scattering distribution from a scatterer
of ~1850 g of Sm20~.

first approximation. The resonant scattered gamma-ray
distribution is shown in Fig. 2 for a source strength of
20 millicuries. The ratio of the 837-kev to 961-kev

photopeaks is 1.8 which is in agreement with the ratio
of the p rays before scattering, 1.4, corrected for detec-
tion e%ciencies and for the different angular distributions
of the scattered gamma rays at 100'—the mean angle of
scattering. The cross section measured with the solid
source is (5&1)X10 's cm', the major uncertainties
being in the geometry and source strength determina-
tions. The liquid source gave a 20%higher cross section;
the diGerence may be due to a slowing down of the
recoiling nucleus in the solid or a change in its effective
mass.
In order to calculate the lifetime of the transition

one should take into account the natural width of the
emitting level, the Doppler broadening of the emitted
gamma ray due to the neutrino recoil, the possible
slowing down of the recoiling nucleus, the effective
mass, and the temperature broadening of the emi. ssion
and absorption lines. If the recoil and temperature
effects are neglected, a lower limit on the mean life can
be set as 1.7X10 '4 sec. An upper limit is certainly the
slowing-down time in the solid, approximately 2&(10 "
sec, ~ since a stationary nucleus with a level of this
mean life will give a cross section less than 1/100 that
observed. Conversely, therefore, the gamma ray is
emitted in general before the recoil slows down so that
the Doppler broadening due to the neutrino emission
must be taken into account, and the resonance scatter-

ing becomes a sensitive detector of the direction of
neutrino emission. Taking into account the width of
the emitting line and the Doppler shift due to the
recoiling nucleus, assumed to have an effec;tive mass num-
ber equal to 152, the mean life of the 1 level becomes
r= (3&1)X10 "sec. The effect of the temperature of
the source and scatterer has been neglected. The
measured lifetime is thus approximately 150 times
longer than the single proton estimate. This mean life
corresponds, according to the formulation of Bohr and
Mottelson, ' to an octupole deformation parameter,
Ps~0.07, for the 1 state of Sm'".
I would like to thank M. Goldhaber, A. W. Sunyar,

and J. Weneser for many valuable discussions.

$ Work performed under the auspices of the U. S. Atomic
Energy Commission.' L. Grodzins and H. Kendall, Bull. Am. Phys. Soc. Ser. II, 1,
163 (1956).' O. Nathan and M. A. Waggoner, Nuclear Phys. 2, 548 (1957).3L. Grodzins, BulL Am. Phys. Soc. Ser. II, 1, 329 (1956);
Nuclear Data Card 57-1-90 (National Research Council, Wash-
ington, D. C., 1957).'A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953);
Krisyouk, Sergeyer, Latyshev, and Vorobyou, Nuclear Phys. 4,
579 (1957).

5 K. G. Malfors, in Betu- und Gummu-Ruy Spectroscopy, edited
by K. Siegbahn (North Holland Publishing Company Am-
sterdam, 1955), p. 494; F.R. Metzger, Phys. Rev. 101,286 (1956).

~ Goldhaber, Grodzins, and Sunyar )Phys. Rev. 109, 1015
(1958)g, following Letter.
r K. Iakovac, Proc. Phys. Soc. (London) A67, 601 (1954).' A. Bohr and B.Mottelson, Nuclear Phys. 4, 529 (1957).

Helicity of Neutrinos"
M. GQLDHABER, L. GRoDzINs, A&D A. W. SUNYAR
Brookhuven E'utionu/ Luborutory, Upton, 1Vem Fork

(Received December 11, 1957)

COMBINED analysis of circular polarization and
resonant scattering of p rays following orbital

electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Ku'",
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme, ' 0—,we hand
that the neutrino is "left-handed, " i.e., a„p„=—1
(negative helicity) .
Our method may be illustrated by the following

simple example: take a nucleus 2 (spin I=O) which
decays by allowed orbital electron capture, to an
excited state of a nucleus B(I=1),from which a p ray
is emitted to the ground state of B(I=O). The condi-
tions necessary for resonant scattering are best fulfilled
for those p rays which are emitted opposite to the
neutrino, which have an energy comparable to that of
the neutrino, and which are emitted before the recoil
energy is lost. Since the orbital electrons captured by a
nucleus are almost entirely s electrons (E, Lr, . elec-
trons of spin S=—',), the substates of the daughter nucleus

National  InsINT

Theory Perspective: 
The GGS Experiment and the Neutrino

Neutrino Helicity at 50:  A Celebration of the Goldhaber-Grodzins-Sunyar Experiment
Wick Haxton, INT   May 2, 2008               

•  neutrino helicity and mass

•  neutrino moments and interactions

The Helicity Experiment Set-Up

4+
The Resonance SignatureMaurice Goldhaber Lee Grodzins Andrew Sunyar



More Than One Flavor of Neutrinos
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protons 

13.5m iron shielding 

AGS

A penetrating track appears, 
probably due to !µn->µ-p 



The Missing Solar Neutrinos
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Some of  the νe 
from the sun 
are missing.

Expected 
rate of !e 
from the sun 



Are Due to Neutrino Oscillation
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SNO

νe missing
but νe + νμ + ντ  agree

SSI 2004 Experimental Neutrino Oscillations - Gratta 18
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TheoryBNL: Richard L. Hahn’s group



The Missing Accelerator Neutrinos
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L=735 km 

MINOS

BNL: Milind Diwan’s group



Now We Can Add to The Long History ...



The Missing Reactor Neutrinos
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Daya Bay



Thanks to ...



The BNL Group on Daya Bay
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Members of the BNL team on the Daya Bay Neutrino Project include: (seated, from left) Penka Novakova, Laurie Littenberg, Steve 
Kettell, Ralph Brown, and Bob Hackenburg; (standing, from left) Zhe Wang, Chao Zhang, Jiajie Ling, David Jaffe, Brett Viren, Wanda 
Beriguete, Ron Gill, Mary Bishai, Richard Rosero, Sunej Hans, and Milind Diwan. Missing from the picture are: Donna Barci, Wai-Ting 
Chan, Chellis Chasman, Debbie Kerr, Hide Tanaka, Minfang Yeh, and Elizabeth Worcester, Harry Themann and Zeynep Isvan.



The Daya Bay Collaboration
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~ 230 collaborators
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Chao Zhang

PhD Thesis Defense06/10/2010 CalTech
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KamLAND, Oscillation and Georeactor

The Hunt For θ13

13




cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1








cos θ13 0 sin θ13e−iδ

0 1 0
− sin θ13eiδ 0 cos θ13








1 0 0
0 cos θ23 sin θ23

0 − sin θ23 cos θ23








1 0 0
0 e−iα1/2 0
0 0 e−iα2/2








νe

νµ

ντ



 = UPMNS




ν1

ν2

ν3




Neutrino Oscillation

neutrino weak eigenstate ≠ mass eigenstate

θ12 ~ 35˚
Solar ν

Long-Baseline Reactor ν

θ23 ~ 45˚
Atmospheric ν
Accelerator ν

θ13 < 10˚
Short-Baseline Reactor ν

Accelerator ν

θ13 is the 
least known 
mixing angle

Is it tiny?

Or big?



14

MINOS!

T2K!

Double Chooz!
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Double Chooz

MINOS

T2K

Solar + KamLAND

Original Flux
Reevaluated Flux
Normal Hierarchy
Inverted Hierarchy

Year 2011 has given many hints

Recent Hints of non-zero θ13

No result > 2.5σ for θ13=0 

A definitive precision experiment is needed.
How can Daya Bay do better?



Reactor vs. Accelerator
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- Free neutrinos! Large 
statistics

- Clean detection signal

- No CP violation

- Negligible matter effects

• pure      source
• 6      / fission
• 6 x 1020       / sec / 3GWth

ν̄e
ν̄e

ν̄e

Nuclear Reactor 

Karsten Heeger, Univ. of Wisconsin TIPP2011, June 11, 2011 

Precision Measurement of !13 with Reactor Antineutrinos

Search for !13 in new oscillation experiment with multiple detectors

~1-1.8 km

> 0.1 km
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23

detector 1 detector 2

νe

Daya Bay Reactors:
Powerful #e source, multiple cores 
11.6 GWth now,17.4 GWth in 2011

previously 
unknown

Observed 
by 

KamLAND

Benefits of reactor neutrinos



Far / Near Relative Measurements
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• Far/Near measurements, 
knowledge of the absolute rate 
of reactor antineutrino is not 
needed

• ‘Functionally Identical’ 
detectors to cancel detector 
related uncertainties

Far/Near
 Neutrino Ratio

Detector
Target Mass

Detector 
Efficiency

Survival Probability 
(θ13)

Distance
from

Reactor



Daya Bay: An Ideal Location
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Mountains shield detectors 
from cosmic ray backgrounds

Daya Bay NPP 
2.9GW x 2

Ling Ao NPP 
2.9GW x 2

Ling Ao II NPP 
2.9GW x 2

Observation of electron-antineutrino disappearance at Daya Bay1

(The Daya Bay Collaboration)2

(Dated: March 5, 2012)3

The Daya Bay Reactor Neutrino Experiment has measured a non-zero value for the neutrino mixing angle θ13
with a significance of 5.2 standard deviations. This result was obtained with six 2.9 GWth reactors and six
antineutrino detectors deployed in two near (flux-weighted baseline 470 m and 576 m) and one far (1648 m)
underground experimental halls. With 55 days of data, we observed 10416 electron antineutrino candidates at
the far hall. The ratio of the observed to expected number of antineutrinos at the far hall is R = 0.940 ±
0.011(stat)± 0.004(syst). By performing a rate-only analysis with this data set, we find sin2 2θ13 = 0.092±
0.016(stat)± 0.005(syst) in a three-neutrino framework.

PACS numbers: 14.60.Pq, 29.40.Mc, 28.50.Hw, 13.15.+g4

Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay5

It is well established that the three neutrino flavors can6

transform from one to another as they propagate in space.7

Neutrino oscillations can be described by the three mixing8

angles (θ12, θ23, and θ13) and a phase of the Pontecorvo-9

Maki-Nakagawa-Sakata matrix, and two mass-squared differ-10

ences (∆m2
31 and ∆m2

21) [1, 2]. Of these mixing angles,11

θ13 is the least known. The Chooz experiment obtained a12

90%-confidence-level upper limit of 0.17 for sin22θ13 [3].13

Recently, results from T2K [4], MINOS [5] and Double14

Chooz [6] have indicated that θ13 could be non-zero. In this15

paper, we present the observation of a non-zero value for θ13.16

For reactor based experiments, an unambiguous determina-17

tion of θ13 can be extracted via the survival probability of the18

electron antineutrino νe at short distances from the reactors19

Psur ≈ 1− sin2 2θ13 sin
2(1.267∆m2

31L/E) , (1)

where ∆m2
31 is (2.32+0.12

−0.08)×10−3eV2 [7], E is the νe energy20

in MeV and L is the distance in meters between the νe source21

and the detector (baseline).22

The near-far arrangement of our antineutrino detectors23

(ADs) allows for a relative measurement by comparing the24

observed νe rates at various baselines. As a result, correlated25

uncertainties cancel out and the uncorrelated reactor uncer-26

tainties are minimized.27

A detailed description of the Daya Bay experiment can be28

found in [8, 9]; as such, only the apparatus relevant to this29

analysis will be highlighted. As illustrated in Fig. 1, the six30

pressurized water reactors are grouped into three pairs with31

each pair referred to as a nuclear power plant (NPP). The max-32

imum thermal power of each reactor is 2.9 GWth. Three un-33

derground experimental halls (EHs) are connected with hori-34

zontal tunnels. Two ADs are located in EH1 and one in EH235

(the near halls). Three ADs are positioned near the oscilla-36

tion maximum in the far hall, EH3. The overburden, muon37

rate, average muon energy, and average distance to the reactor38

pairs are listed in Table I.39

As shown in Fig. 2, the ADs in each EH are shielded with40

>2.5 m of high-purity water against ambient radiation in all41

directions. Each water pool is segmented into inner and outer42

water shields (IWS and OWS) and instrumented with photo-43

multiplier tubes (PMTs) to function as Cherenkov detectors,44

and are used to veto spallation neutrons and other cosmogenic45

FIG. 1. Layout of the Daya Bay experiment. The dots represent
reactors, labeled as D1, D2, L1, L2, L3 and L4. Six ADs, AD1–
AD6, are installed in three EHs.

Overburden Rµ Eµ D1,2 L1,2 L3,4
EH1 250 1.27 57 364 857 1307
EH2 265 0.95 58 1348 480 528
EH3 860 0.056 137 1912 1540 1548

TABLE I. Overburden (m.w.e), muon rate Rµ (Hz/m2), and average
muon energy Eµ (GeV) of the three EHs, and the distances (m) to
the reactor pairs.

backgrounds in the ADs. The detection efficiency for long-46

track muons is >99.7% [9].47

The νe is detected via the inverse β-decay (IBD) reaction,48

νe + p → e+ + n, in a Gadolinium-doped liquid scintillator49

(Gd-LS) [10, 11]. The coincidence of the prompt scintillation50

from the e+ and the delayed neutron capture on Gd provide a51

distinctive νe signature.52

Each AD consists of a cylindrical, 5-m in diameter stain-53

less steel vessel (SSV) that houses two nested, UV-transparent54

acrylic cylindrical vessels. A 3.1-m in diameter inner acrylic55

vessel (IAV) holds 20-t of Gd-LS (target). It is surrounded56

by a region with 20-t of liquid scintillator (LS) inside a 4-m57

in diameter outer acrylic vessel (OAV). Between the SSV and58

Definition of Terms

EH 1/2/3:  Experimental Hall 1/2/3
D1/D2:  2 reactor cores in Daya Bay
L1/L2/L3/L4:  4 reactor cores in Ling Ao
Near Site:  EH1 + EH2, ~500m from the nearest reactors
Far Site:  EH3, ~1.6 km from all reactors  
AD:  Antineutrino Detector (20 ton target mass)
    6 ADs in the three underground halls



Experiment Survey
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Detailed	  Survey:
	  -‐	  GPS	  above	  ground
	  -‐	  Total	  Sta3on	  underground
	  -‐	  Final	  precision:	  28mm

Valida0on:
	  -‐	  Three	  independent	  calcula3ons
	  -‐	  Cross-‐check	  survey
	  -‐	  Consistent	  with	  reactor	  plant	  
	  	  	  	  and	  design	  plans

Negligible flux uncertainty (<0.02%) from precise survey



Anti-neutrino Detector
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Each detector has 3 nested zones
separated by Acrylic Vessels:
    Inner: 20 tons Gd-doped LS (target volume)
    Mid: 20 tons LS (gamma catcher) 
    Outer: 40 tons mineral oil (buffer)

Each detector has:
    192 8-inch Photomultipliers (PMTs)
    Optical reflectors at top/bottom of cylinder
    (7.5/√E[MeV] + 0.9)% energy resolution

3m

4m

5m

Automated Calibration Units

6 ‘functionally identical’ detectors



Anti-neutrino Detection Method
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• Ethreshold = 1.8 MeV

• ‘Large’ cross section σ~10-42 cm2

• Distinctive coincidence signature 
in a large liquid scintillator detector

Inverse Beta Decay (IBD) ν̄e + p→ e+ + n

19 

Data were recorded photographically from 
oscilloscope traces 

I 

II 

III 

Cowan & Reines, Savannah River 1956

n + AGd → A+1Gd + γ�s

Gd-LS defines the target volume. 
Fiducial volume cut is not necessary.

!"#$%&
!"#$%&#

!"#$%&'(

Ev - 0.8 MeV



Liquid Production and Filling
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- LAB + Gd (0.1%) + PPO (3 g/L) + bis-MSB (15 

mg/L)

- more than 3 years R&D (BNL & IHEP) 

- Multi-stage purifications on optical improvement 

and U/Th removal

- 185-ton Gd-LS + 196-ton LS production

Daya Bay Liquid Scintillator Cocktail

!"#$%&'($)'$*)&+$
,-**.$ Load cells measure 20 ton target mass to 3kg (0.015%)

Gd-LSLS MO



Energy Calibration

22

• 3 ACUs per detector for z-axis deployment
(position accuracy < 5 mm)

- Central Gd-LS

- Edge Gd-LS

- LS (gamma catcher)

• Each ACU has three sources on a turntable

- 10 Hz 68Ge ( 2 x 0.511 MeV γ’s)

- 0.5 Hz 241Am13C neutron source (3.5 MeV n without γ)  + 100 Hz 60Co  
gamma source (1.173 + 1.332 MeV γ’s)

- LED diffuser ball for PMT gain and timing

• Simultaneous, automated weekly deployment for all 6 ADs

• Other natural calibration events including spallation 
neutrons, internal/external γ’s and α’s from radioactivities

!"#$!"%&''()$*$ !"%&+)*$

3 Automatic Calibration Units (ACUs) on each detector



Muon Veto System
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Multiple muon veto detectors
2.5m thick two-sector active water shield and RPC 

Water Cherenkov
    - Detectors submerged in water 
shielded against external neutrons 
and gammas 

    - Optically separated by Tyvek 
sheets into inner / outer region for 
cross-check

    - 8-inch PMTs mounted on 
frames, 288 @Near, 384 @Far

Resistive Plate Chamber (RPC)
    - Independent muon tagging 
    - Retractable roof above pool
    - 54 modules @Near, 81 @Far



Antineutrino Detector Assembly
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4m AV 

PMT 

SSV lid ACU 

Bottom reflector 

Top reflector 3m AV 

Leak check 

SSV  



Interior of Antineutrino Detector
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Detector Transporting
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Move detector into the tunnel  

In the LS Hall for Filling



Hall 1: Completed
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Hall 1: Data taking began on Aug 15, 2011



Hall 2 and Hall 3
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Hall 2
Data taking began on Nov 5, 2011

Hall 3
Data taking began on Dec 24, 2011

Two more ADs still in assembly.
Installation planned for Summer 2012



Data Period
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Current Oscillation Analysis

- Dec 24, 2011 - Feb 17, 2012

- All 3 halls (6 ADs) operating

- Data Acquisition (DAQ) uptime > 97%

- Analysis data: ~89% (~50 live-days)

Two Detector Analysis

- Sep 23, 2011 - Dec 23, 2012

- Side-by-side comparison of 2 detectors

- Demonstrated detector systematics better 

than requirements.
arXiv: 1202:6181 (2012), submitted to NIM



Data Analysis

• Common data set

• Different

- Energy Calibration / Reconstruction

- Antineutrino Candidate Selection / 
Efficiency Estimation

- Background Estimation

- θ13 Rate Analysis

30

Multiple independent analyses to 
cross check results before unblinding

Only results from one analysis are presented here

Blinded Information

• True Target Mass

• True baselines from 
detectors to reactors

• True reactor flux



Calibration
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PMT Gain vs. Time

Energy 
Calibration

60Co at 
center

Energy vs. Position

Energy Resolution



Energy Spectrum of All Events
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Task: Select anti-neutrinos out of these.
(~800 events/AD/day @Near, ~80 events/AD/day @Far)

• After applying muon veto, ~65 Hz > 
0.7 MeV in each detector 

• Dominated by low energy 
radioactivity from U/Th/Radon 
chain and K40

- external: stainless steel, PMTs

- internal: scintillator liquid



Anti-neutrino (IBD) Selection
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Unrolled AD charge display
of a typical flasher event
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Antineutrino Candidate Distribution

34

clear separation of anti-neutrino 
signals from most other events

It should be noted that the fitted neutron capture time above is an “effective” capture time,
because for events at the edge of the IAV, spill-in neutrons spend more time in the LS region which
effectively increases the neutron capture time. By limiting the events to be within the center of the
detector, we can get a fitting result closer to the “true” capture time. Such study has been done for
IBD neutrons, spallation neutrons and AmC neutrons (doc:7672 [10]), the results are summarized
in table 1. The observed IBD neutron capture time difference between ADs is 0.5% which translates

Table 1. Summary of the neutron capture time study from different neutron samples

AD1 AD2 AD3 AD4 AD5 AD6
IBD 27.8±0.4 28.5±0.4 27.7±0.4 25.0±1.3 28.3±1.3 28.5±1.3

Spallation 28.4±0.1 28.4±0.1 28.9±0.2 26.6±0.8 27.8±0.9 26.2±0.8
242Am13C 28.3±0.2 28.5±0.2 28.0±0.3 28.6±0.2 27.5±0.2 28.1±0.2

into 0.1% relative uncertainty in determining the fraction of IBD neutrons capture on Gd.
The IBDs that have prompt and delayed events happen within 1µs are excluded to decouple

from the trigger electronics effects, for example, if both prompt and delayed events happened
within the trigger time window. From simulation (doc:7686 [5]), the absolute efficiency from the
∆t cut is 98.57%. The inefficiency is dominantly by the tail of the capture distribution from spill-
in neutrons. The inefficiency from neutron capture within 1µs is only 0.2%. Fig. 4 shows the
IBD neutron capture time comparison between data and MC at the center of AD (Fig. 4(a)) and
inside full GdLS volume (Fig. 4(b)). At the center, they match very well. For the full volume,
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Figure 4. IBD neutron capture time comparison between data and MC (a) at the center of AD (b) Full GdLS
volume.

the tail shape is somewhat different. By comparing the the data with MC and between ADs, the
correlated and uncorrelated uncertainty of the capture time cut efficiency is determined to be 0.19%
and 0.02%, respectively.

1.4 Flasher Cut

About 5% of the AD events are so-called flasher events, instrumental background events resulting
from an electronic discharge in the dynode of a PMT. About 5% of the PMTs have been identified

– 6 –
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• Uncorrelated 

- Accidentals: Two uncorrelated events ‘accidentally’ passing the cuts 
and mimic IBD event. (B/S: 4.5%)

• Correlated

- Muon spallation: 

- 9Li/8He (B/S: 0.2%)

- Fast Neutron (B/S: 0.06%)

- Correlated Signals from 241Am13C Source (B/S 0.3%)

- 13C(α, n)16O  (B/S 0.04%)

Total B/S ratio is ~5% at Far site, ~2% at Near site

(B/S = background/signal @Far)
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Two uncorrelated events mimic the anti-neutrino (IBD) signals

Rate and spectra can be 
accurately predicted 
from the singles data

Most delayed-like single 
events are from beta-
decays of long-live 
muon spallation isotopes

B/S ratio is ~4.5% at Far site, ~1.4% at Near site

EH1

EH2

EH3
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!"#$%!" = 178 ms, Q = 13. 6 MeV 
!"#$%!" = 119 ms, Q = 10.6 MeV 

Daya Bay Discovers Non-Zero θ13 at 5-sigma LevelWei Wang W&M

• “Fast” neutrons 
produced by cosmic 
muons external to the 
AD can enter the AD, 
slow and be captured. 

• The recoil proton(s) 
produced by the 
slowing neutron fakes 
the prompt signal and 
the subsequent 
capture of the neutron 
provides the delayed 
signal. 

n
n

μ tagged by muon systemUntagged μ

RPC

Fast Neutron Faking IBD: the 3rd Largest Background

Fast neutron
- Prompt: proton recoil

- Delayed: neutron capture

!"#$%&'(%

!"#$%&"'($%#)*'%+&,%

Fast neutrons 
tagged by muon veto

B/S: 0.2% B/S: 0.06%
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AD1 AD2 AD3 AD4 AD5 AD6
IBD candidates 28935 28975 22466 3528 3436 3452

DAQ live time (days) 49.5530 49.4971 48.9473
Muon veto time (days) 8.7418 8.9109 7.0389 0.8785 0.8800 0.8952

εµ · εm 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538
Accidentals (per day) 9.82±0.06 9.88±0.06 7.67±0.05 3.29 ±0.03 3.33 ± 0.03 3.12 ±0.03
Fast-neutron (per day) 0.84±0.28 0.84±0.28 0.74±0.44 0.04±0.04 0.04±0.04 0.04±0.04

9Li/8He (per AD per day) 3.1±1.6 1.8±1.1 0.16±0.11
Am-C correlated (per AD per day) 0.2±0.2
13C(α, n)16O background (per day) 0.04±0.02 0.04±0.02 0.035±0.02 0.03±0.02 0.03±0.02 0.03±0.02

IBD rate (per day) 714.17±4.58 717.86± 4.60 532.29±3.82 71.78 ± 1.29 69.80±1.28 70.39±1.28

TABLE II. Signal and background summary. The background and IBD rates were corrected for the εµ · εm efficiency.

tal correlation of two unrelated signals, β-n decay of 9Li/8He
produced by muons in the ADs, fast-neutron backgrounds
produced by muons outside the ADs, 13C(α,n)16O interac-
tions, and correlated events due to the retracted Am-C neutron
source in the ACUs. The estimated background rates per AD
are summarized in Table II.
The accidental background was determined by measuring

the rate of both prompt- and delayed-like signals, and then
estimating the probability that two signals randomly satisfied
the∆t required for IBD selection. Additional estimates using
prompt and delayed candidates separated by more than 1 ms
or 2 meters provided consistent results. The uncertainty in
the measured accidental rate was dominated by the statistical
uncertainty in the rate of delayed candidates.
The rate of correlated background from the β-n cascade of

9Li/8He decays was evaluated from the distribution of the time
since the last muon using the known decay times for these iso-
topes [12]. The 9Li/8He background rate as a function of the
muon energy deposited in the AD was estimated by preparing
samples with and without detected neutrons 10 µs to 200 µs
after the muon. A 50% systematic uncertainty was assigned to
account for the extrapolation to zero deposited muon energy.
An energetic neutron entering an AD can form a fast-

neutron background by recoiling off a proton before being
captured on Gd. By relaxing the Ep < 12 MeV criterion in
the IBD selection, a flat distribution in Ep was observed up to
100 MeV. Extrapolation into the IBD energy region gave an
estimate for the residual fast-neutron background. A similar
flatEp distributionwas found in the muon-tagged fast-neutron
sample produced by inverting the muon veto cut. Consistent
results were obtained by scaling the muon-tagged fast-neutron
rate with muon inefficiency, and by MC.
The 13C(α,n)16O background was determined using MC

after estimating the amount of 238U, 232Th, 227Ac, and 210Po
in the Gd-LS from their cascade decays, or by fitting their α-
particle energy peaks in the data.
A neutron emitted from the 0.5-Hz Am-C neutron source in

an ACU could generate a gamma-ray via inelastic scattering in
the SSV before subsequently being captured on Fe/Cr/Mn/Ni.
An IBD was mimicked if both gamma-rays from the scat-

tering and capture processes entered the scintillating region.
This correlated background was estimated using MC. The
normalization was constrained by the measured rate of single
delayed-like candidates from this source.
Table III is a summary of the absolute efficiencies and the

systematic uncertainties. The uncertainties of the absolute
efficiencies are correlated among the ADs. No relative effi-
ciency, except εµ · εm, was corrected. All differences between
the functionally identical ADs were taken as uncorrelated un-
certainties.
The spill-in enhancement resulted when neutrons from IBD

outside the target drift into the target, and was evaluated using
MC. The opposite spill-out effect was included in the abso-
lute Gd capture ratio, which was determined using the spalla-
tion and Am-C neutrons from data and MC. Efficiencies as-
sociated with the delayed-energy, the prompt-energy, and the
capture-time cuts were evaluated with MC. Discussion of the
uncertainties in the number of target protons, live time, and
the efficiency of the flasher cut can be found in Ref. [8].
Uncorrelated relative uncertainties have been addressed

in detail by performing a side-by-side comparison of two
ADs [8]. The IBD nGd energy peaks for all six ADs were
reconstructed to 8.05 ± 0.04 MeV. The relative energy scale
between ADs was established by comparing the nGd peaks
of the IBD- and spallation-neutrons, and alpha-particles in
the Gd-LS. Both energy-reconstruction approaches yielded
a 0.5% uncorrelated energy-scale uncertainty for all six ADs.
The relative uncertainty in efficiency due to the Ed cut was
determined to be 0.12% using data. By measuring the differ-
ence in the neutron capture time of each AD, from which the
Gd-concentration can be calculated, the relative uncertainty in
the fraction of neutrons captured on Gd (the Gd capture ratio)
was found to be <0.1%. All other relative uncertainties were
O(0.01%) and the combined uncertainty was 0.2%. Indepen-
dent analyses obtained similar results on the background and
relative uncertainties.
This analysis was independent of reactor flux models. The

νe yield per fission [13] was not fixed when determining
sin2 2θ13. Whether we used the conventional ILL fluxes [14–
17] (2.7% uncertainty) or the recently calculated fluxes [18,
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produced by muons in the ADs, fast-neutron backgrounds
produced by muons outside the ADs, 13C(α,n)16O interac-
tions, and correlated events due to the retracted Am-C neutron
source in the ACUs. The estimated background rates per AD
are summarized in Table II.
The accidental background was determined by measuring

the rate of both prompt- and delayed-like signals, and then
estimating the probability that two signals randomly satisfied
the∆t required for IBD selection. Additional estimates using
prompt and delayed candidates separated by more than 1 ms
or 2 meters provided consistent results. The uncertainty in
the measured accidental rate was dominated by the statistical
uncertainty in the rate of delayed candidates.
The rate of correlated background from the β-n cascade of

9Li/8He decays was evaluated from the distribution of the time
since the last muon using the known decay times for these iso-
topes [12]. The 9Li/8He background rate as a function of the
muon energy deposited in the AD was estimated by preparing
samples with and without detected neutrons 10 µs to 200 µs
after the muon. A 50% systematic uncertainty was assigned to
account for the extrapolation to zero deposited muon energy.
An energetic neutron entering an AD can form a fast-

neutron background by recoiling off a proton before being
captured on Gd. By relaxing the Ep < 12 MeV criterion in
the IBD selection, a flat distribution in Ep was observed up to
100 MeV. Extrapolation into the IBD energy region gave an
estimate for the residual fast-neutron background. A similar
flatEp distributionwas found in the muon-tagged fast-neutron
sample produced by inverting the muon veto cut. Consistent
results were obtained by scaling the muon-tagged fast-neutron
rate with muon inefficiency, and by MC.
The 13C(α,n)16O background was determined using MC

after estimating the amount of 238U, 232Th, 227Ac, and 210Po
in the Gd-LS from their cascade decays, or by fitting their α-
particle energy peaks in the data.
A neutron emitted from the 0.5-Hz Am-C neutron source in

an ACU could generate a gamma-ray via inelastic scattering in
the SSV before subsequently being captured on Fe/Cr/Mn/Ni.
An IBD was mimicked if both gamma-rays from the scat-

tering and capture processes entered the scintillating region.
This correlated background was estimated using MC. The
normalization was constrained by the measured rate of single
delayed-like candidates from this source.
Table III is a summary of the absolute efficiencies and the

systematic uncertainties. The uncertainties of the absolute
efficiencies are correlated among the ADs. No relative effi-
ciency, except εµ · εm, was corrected. All differences between
the functionally identical ADs were taken as uncorrelated un-
certainties.
The spill-in enhancement resulted when neutrons from IBD

outside the target drift into the target, and was evaluated using
MC. The opposite spill-out effect was included in the abso-
lute Gd capture ratio, which was determined using the spalla-
tion and Am-C neutrons from data and MC. Efficiencies as-
sociated with the delayed-energy, the prompt-energy, and the
capture-time cuts were evaluated with MC. Discussion of the
uncertainties in the number of target protons, live time, and
the efficiency of the flasher cut can be found in Ref. [8].
Uncorrelated relative uncertainties have been addressed

in detail by performing a side-by-side comparison of two
ADs [8]. The IBD nGd energy peaks for all six ADs were
reconstructed to 8.05 ± 0.04 MeV. The relative energy scale
between ADs was established by comparing the nGd peaks
of the IBD- and spallation-neutrons, and alpha-particles in
the Gd-LS. Both energy-reconstruction approaches yielded
a 0.5% uncorrelated energy-scale uncertainty for all six ADs.
The relative uncertainty in efficiency due to the Ed cut was
determined to be 0.12% using data. By measuring the differ-
ence in the neutron capture time of each AD, from which the
Gd-concentration can be calculated, the relative uncertainty in
the fraction of neutrons captured on Gd (the Gd capture ratio)
was found to be <0.1%. All other relative uncertainties were
O(0.01%) and the combined uncertainty was 0.2%. Indepen-
dent analyses obtained similar results on the background and
relative uncertainties.
This analysis was independent of reactor flux models. The

νe yield per fission [13] was not fixed when determining
sin2 2θ13. Whether we used the conventional ILL fluxes [14–
17] (2.7% uncertainty) or the recently calculated fluxes [18,

Data Set Summary
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Summary of Systematics Uncertainties
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In far/near oscillation analysis, 
only detector uncorrelated 
uncertainties are meaningful

Total detector systematics 
are smaller than the far site 
statistics (1%)

5

Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%
Combined 78.8% 1.9% 0.2%

Reactor
Correlated Uncorrelated

Energy/fission 0.2% Power 0.5%
IBD reaction/fission 3% Fission fraction 0.6%

Spent fuel 0.3%
Combined 3% Combined 0.8%

TABLE III. Summary of absolute efficiencies, and correlated and
uncorrelated systematic uncertainties.

19] (3.1% uncertainty) had little impact on the results. The
thermal energy released per fission is given in Ref. [20]. Non-
equilibrium corrections for long-lived isotopes were applied
following Ref. [18]. Contributions from spent fuel [21, 22]
(∼0.3%) were included as an uncertainty.

Thermal-power data provided by the power plant carry an
uncorrelated uncertainty of 0.5% per core [23–25]. The fis-
sion fractions were also provided for each fuel cycle as a func-
tion of burn-up, with a ∼5% uncertainty from validation of the
simulation [26, 27]. A DRAGON [28] model was constructed
to study the correlation among the fission rates of isotopes.
The uncertainties of the fission fraction simulation resulted
in a 0.6% uncorrelated uncertainty of the νe yield per core.
The baselines have been surveyed with GPS and Total Sta-
tion to a precision of 28 mm. The uncertainties in the base-
line and the spatial distribution of the fission fractions in the
core had a negligible effect to the results. Fig. 3 presents the
background-subtracted and efficiency-corrected IBD rates in
the three EHs. Relative reactor flux predictions are shown for
comparison.

The νe rate in the far hall was predicted with a weighted
combination of the two near hall measurements assuming no
oscillation. The weights were determined by the thermal
power of each reactor and its baseline to each AD. We ob-
served a deficit in the far hall, expressed as a ratio of observed
to expected events,

R = 0.940± 0.011(stat)± 0.004(syst) .

In addition, the residual reactor-related uncertainties were
found to be 5% of the uncorrelated uncertainty of a single
core.
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two vertical
dashed lines were used in this analysis. The black curves represent
no-oscillation predictions based on reactor flux analyses and detector
simulation for comparison. The predictions have been corrected with
the best-fit normalization parameter in determining sin2 2θ13.

The value of sin2 2θ13 was determined with a χ2 con-
structed with pull terms accounting for the correlation of the
systematic errors [29],
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where Md are the measured IBD events of the d-th AD with
backgrounds subtracted, Td is the prediction from neutrino
flux, MC, and neutrino oscillations [30], ωd

r is the fraction
of IBD contribution of the r-th reactor to the d-th AD deter-
mined by baselines and reactor fluxes. The uncertainties are
listed in Table III. The uncorrelated reactor uncertainty is σr

(0.8%), σd (0.2%) is the uncorrelated detection uncertainty,
and σB is the background uncertainty listed in Table II. The
corresponding pull parameters are (αr, εd, ηd). The detector-
and reactor-related correlated uncertainties were not included
in the analysis; the absolute normalization ε was determined
from the fit to the data. The best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among

Influence of reactor relative core-to-core uncertainty (0.8%) 
translated into 0.04% detector uncorrelated systematics by 
far/near measurement (reduction by a factor of 20)
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Estimate θ13 using measured rates in each detector

• Clear deficit at far site is 
observed, far/near ratio is 
measured to be

•  Use standard χ2 approach 
to estimate θ13, without 
constraining the absolute 
rate (far vs. near relative 
measurement)
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6

ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The expected signal is corrected with the
best-fit normalization parameter. Reactor and survey data were used
to compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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• Current analysis is rate only, but 
spectra shape distortion is 
consistent with oscillation 
predication.

• With improved statistics and 
understanding of the energy 
scale systematics, will be able 
to have definite answer to the 
shape distortion.



Summary

• The Daya Bay reactor neutrino experiment has made an unambiguous observation 
of reactor electron antineutrino disappearance at ~2km. 
The deficit is measured to be

• Interpretation of disappearance as neutrino oscillation yields

sin22θ13 = 0  is excluded at 5.2 standard deviations.

• Install the final pair of antineutrino detectors in summer 2012.
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“We have finally observed all three mixing angles, now the gateway 
is open to explore the remaining parameters of neutrino oscillation” 
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- Gd (0.1%) + PPO (3 g/L) + bis-MSB (15 

mg/L) + LAB

- > 3 years R&D (BNL&IHEP) and >1 year 1-

t prototype monitoring on Gd-LS stability 

- Multi-stage purifications on optical 

improvement and U/Th removal

- 185-ton Gd-LS + 196-ton LS production



PMT Light Emission (Flasher)
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Multiplicity Cut
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Ensure only one prompt-delayed pair

Uncorrelated background and IBD signals result in ambiguous prompt-delayed signals

Reject all IBD with > 2 trigger above 0.7 MeV in -200us to +200us
Introduces ~2.5% IBD inefficiency, with negligible uncertainty
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Background: Fast Neutron
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Background: 241Am13C Source
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Background: 13C (α, n) 16O!"#$%&'()*+,-./012)3-45,
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@IA<+,#"=#"*G)%,*8#"J,'E,,
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*878&FG)8*P,

Example alpha 
rate in AD1 

238U 232Th 235U 210Po 

Bq 0.05 1.2 1.4 10 

  Near Site: 0.04+-0.02 per day,     B/S (0.006±0.004)%  
  Far Site: 0.03+-0.02 per day,       B/S (0.04±0.02)%  

.QBQ->, 5M=8&R"9'),'E,D:8#7&')H")9)8(7&G)',SG=";;8"&")#8, .B,



Reactor Flux Expectation
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Anti-neutrino flux is estimated for each reactor core
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Detected anti-neutrino rate 
strongly correlated with 
reactor flux expectations
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5

Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%
Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%
Combined 78.8% 1.9% 0.2%

Reactor
Correlated Uncorrelated

Energy/fission 0.2% Power 0.5%
IBD reaction/fission 3% Fission fraction 0.6%

Spent fuel 0.3%
Combined 3% Combined 0.8%

TABLE III. Summary of absolute efficiencies, and correlated and
uncorrelated systematic uncertainties.

19] (3.1% uncertainty) had little impact on the results. The
thermal energy released per fission is given in Ref. [20]. Non-
equilibrium corrections for long-lived isotopes were applied
following Ref. [18]. Contributions from spent fuel [21, 22]
(∼0.3%) were included as an uncertainty.

Thermal-power data provided by the power plant carry an
uncorrelated uncertainty of 0.5% per core [23–25]. The fis-
sion fractions were also provided for each fuel cycle as a func-
tion of burn-up, with a ∼5% uncertainty from validation of the
simulation [26, 27]. A DRAGON [28] model was constructed
to study the correlation among the fission rates of isotopes.
The uncertainties of the fission fraction simulation resulted
in a 0.6% uncorrelated uncertainty of the νe yield per core.
The baselines have been surveyed with GPS and Total Sta-
tion to a precision of 28 mm. The uncertainties in the base-
line and the spatial distribution of the fission fractions in the
core had a negligible effect to the results. Fig. 3 presents the
background-subtracted and efficiency-corrected IBD rates in
the three EHs. Relative reactor flux predictions are shown for
comparison.

The νe rate in the far hall was predicted with a weighted
combination of the two near hall measurements assuming no
oscillation. The weights were determined by the thermal
power of each reactor and its baseline to each AD. We ob-
served a deficit in the far hall, expressed as a ratio of observed
to expected events,

R = 0.940± 0.011(stat)± 0.004(syst) .

In addition, the residual reactor-related uncertainties were
found to be 5% of the uncorrelated uncertainty of a single
core.
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FIG. 3. Daily average measured IBD rates per AD in the three ex-
perimental halls as a function of time. Data between the two vertical
dashed lines were used in this analysis. The black curves represent
no-oscillation predictions based on reactor flux analyses and detector
simulation for comparison. The predictions have been corrected with
the best-fit normalization parameter in determining sin2 2θ13.

The value of sin2 2θ13 was determined with a χ2 con-
structed with pull terms accounting for the correlation of the
systematic errors [29],

χ2 =
6
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where Md are the measured IBD events of the d-th AD with
backgrounds subtracted, Td is the prediction from neutrino
flux, MC, and neutrino oscillations [30], ωd

r is the fraction
of IBD contribution of the r-th reactor to the d-th AD deter-
mined by baselines and reactor fluxes. The uncertainties are
listed in Table III. The uncorrelated reactor uncertainty is σr

(0.8%), σd (0.2%) is the uncorrelated detection uncertainty,
and σB is the background uncertainty listed in Table II. The
corresponding pull parameters are (αr, εd, ηd). The detector-
and reactor-related correlated uncertainties were not included
in the analysis; the absolute normalization ε was determined
from the fit to the data. The best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
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3 Years,  
90% Confidence Level 
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